Soil warming has the potential to alter bacterial communities, affecting carbon (C) storage and nitrogen (N) cycling in forest ecosystems. We studied bacterial community changes by warming soil and adding two N-levels (40 and 80 kg N ha −1 year −1 ) for two years in a subtropical plantation of Chinese fir (Cunninghamia lanceolate (Lamb.) Hook) in southern China. Soil warming significantly changed the bacterial community structure, causing decreases in Proteobacteria and Acidobacteria, while increasing Actinobacteria and Chloroflexi. The high N addition had a greater impact on the bacterial community structure than the low N addition. Warming shifted the bacterial community towards oligotrophic taxa, while N addition could dilute this tendency. Results of the ecological networks indicated that warming resulted in a more complicated co-occurrence network and an increased interaction between different phylum communities, while N addition enhanced the cooperation within communities pertaining to the same phylum. The changes to the soil properties, typical catabolism enzymes, and plant growth also showed that soil warming and N addition accelerated the C and N cycles in the soil, and lead to an increased upward flow of N (from underground to aboveground) and decomposition rate of soil organic carbon (SOC). Overall, the results provided insights into the bacterial community and soil C and N cycling change at a subtropical plantation.
Introduction
Warming and nitrogen (N) deposition are important factors to consider in future global environmental change scenarios. It has been estimated that global land surface temperatures may increase by 2.6-4.8 • C by the end of this century [1] . With progressing industrialization, global N deposition is expected to increase 50%-100% by the year 2030 [2] . China has become the third largest N deposition area in the world. N deposition in the subtropical zone ranges between 26-55 kg N ha −1 year −1 [3, 4] .
Forest soils have a diverse microbial community. Most of the studies on forest soil ecology have focused on fungi, as fungi are considered the main components of soil because of their symbiotic and decomposition attributes, which are critical for soil nutrient cycling and dynamics [5] [6] [7] . Although bacterial communities greatly contribute to key soil biogeochemical processes, far less is known about them in forest soil environments.
Many warming experiments have been conducted in boreal and temperate forest ecosystems [8] [9] [10] [11] [12] [13] [14] [15] [16] . Most of them reported that bacterial biomass in the warming treatments did not significantly differ from that in the control treatments; nevertheless, the bacterial diversity changed [8] [9] [10] [11] [12] 14] . DeAngelis et al. [8] found that a short-term increase in CO 2 emissions with warming, as well as slowed CO 2 emissions following this initial increase, indicated that labile C was depleted, and there was a shift in microbial carbon use efficiency. Previous studies also found that warming could affect the composition of the soil bacterial community toward the taxa that favor using complex C sources [9, 17] . Particularly, the abundance of Alphaproteobacteria, Acidobacteria, and Actinobacteria increased under warming conditions [8] [9] [10] 14] , suggesting that the lifestyle of the soil bacteria community changed to oligotrophic in response to the temperature increase. Alterations in the bacterial community's composition would likely affect soil C cycling.
Nitrogen deposition can influence the bacterial community's composition in forest soils. Many studies found that N addition reduced the soil bacterial biomass [18] [19] [20] [21] [22] [23] [24] and diversity [25] [26] [27] [28] . Some bacterial phyla (e.g., the Bacteroidetes, Gammaproteobacteria, Proteobacteria, Acidobacteria, and Verrucomicrobia) tended to decrease, while Firmicutes and Actinobacteria tended to increase after N addition [21] [22] [23] [25] [26] [27] [28] . Turlapati et al. [21] found that Acidobacteria did not generally respond to N addition, but some subgroups of this phylum were significantly affected. However, some studies in fir plantations in subtropical China found that N addition accelerated soil microbial biomass and functional diversity [29] , increased bacterial phospholipid fatty acids (PLFAs) [30] , with no significant effect on the soil bacterial diversity, and increased the abundance of Proteobacteria group [31] . These findings suggest that the response of soil bacterial communities to N deposition may be complex.
Although many warming experiments have been conducted, previous studies have rarely focused on the interactive effects of warming and N addition, especially in tropical and subtropical forests [32] . Warming was observed to affect the N cycle in soil, and the soil warming effect may be diluted by N deposition [33] . Compared with the temperate and boreal forests, tropical and subtropical forest soils are highly weathered and N-rich because of a faster N cycling [34] . Thus, the effects of both warming and N deposition on tropical and subtropical forest ecosystems could be wholly different from those on temperate or boreal forest ecosystems.
The Chinese fir (Cunninghamia lanceolata (Lamb.) Hook) is the most important plantation tree species in terms of areal coverage, both in China and generally on Earth. It covers 17 × 10 6 ha in China, corresponding to 24% of the forest plantations in China and to 6.3% of those on Earth [35] . Hence, Chinese fir plantations have great implications on global carbon cycling [35] . In this experiment, we used a Chinese fir plantation as a model system to examine the effects of warming and N addition on the structure and composition of the soil bacterial community. We hypothesized that: (1) warming will have a greater effect on soil bacterial community structure; (2) warming will shift the bacterial community towards oligotrophic taxa, but combined with N addition the warming effect will be offset; and (3) warming may make the relationships and interactions among bacterial species more complicated.
Materials and Methods

Study Sites and Experimental Design
As described previously in Zhang et al. [36] , the experiment was conducted at the Fujian Normal University's Forest Ecosystem and Global Change Research Station at the Chenda site, Sanming City, Fujian Province of China (26 • 19 N, 117 • 36 E). This site is situated on latosol soil, which has been classified as clay, gibbsite-mixed, thermal, and Typic Hapludult. Its color, when moist, corresponds to 2.5YR5/4. The regional climate is typical of a subtropical monsoon: the average annual precipitation, temperature, and evaporation are 1670 mm, 19 .1 • C, and 1585 mm, respectively. Moreover, the site is located 300 m above sea level.
For our experiment, we used a randomized complete block factorial design, in which warming and N fertilization were the fixed factors. The design included 30 mini-plots (2 m width × 2 m length). The indigenous soil of these plots was replaced with sieved topsoil from a nearby forest area, down to a depth of 60 cm. Then, a Polyvinyl chloride (PVC) sheet (200 cm width × 60 cm depth) was buried vertically in each plot. Four C. lanceolata seedlings were planted in each plot in November 2013.
Artificial warming and N addition were conducted in March 2014, and soils were sampled in April of 2016. Warming plots were heated continuously from March 2014. A series of warming cables were buried in a spiral pattern, at a depth of 10 cm below the ground, which were used to increase the soil temperature in the warmed plots by 5 • C compared to the control plots. The control and unwarmed plots included "dummy" heating cables, which had the same shape and size as the real heating cables, in order to avoid disturbance effects. During this same period, two N addition levels (40 N/ha/year and 80 kg N/ha/year, respectively) were applied to the N addition plots in the form of NH 4 NO 3 . The control and unfertilized plots received the same quantity of deionized water as the fertilized plots. Only in the fertilized plots, however, N was added at the beginning of each month.
Collection and Properties of the Soil Samples
The soils were sampled in April of 2016, two years after the initiation of the treatments. The average soil temperature in April was~20 • C, while the average annual temperature was 19.1 • C. Moreover, the temperature of the warmed plots in April was between 24-26 • C. Five soil cores were taken randomly between 0-10 cm depth in each plot using a 5-cm soil sampler. We collected six treatments: untreated (CT), warming (W), light N addition (LN), high N addition (HN), warming combined with light N addition (WLN), and warming combined with high N addition (WHN). Each treatment contained five repetitions. All soil samples were immediately stored in an icebox and then transported to the laboratory. Each soil sample was passed through a 2-mm sieve to remove roots, organic debris, and rocks. The sieved soils were then stored in a refrigerator: those destined for chemical analysis were stored at a temperature of 4 • C, while those destined for DNA extraction were stored at −20 • C.
One subsample was used for the analysis of NO 3 − , NH 4 + , and available P. Another subsample was used to determine of total soil of C and N under high-temperature oxidation, using a CN analyzer (Elementar Vario MAX, Hanau, Germany). Soil pH was measured using a mixture of soil and water at a ratio of 1:2.5. For the NO 3 − and NH 4 + analyses, 5 g of fresh soil was extracted from each sample, using a 2-mol/L KCl solution. These solutions were then shaken for 40 min and filtered using a continuous flow analyzer (SKALAR San++, Breda, Holland). The available P was determined by the Mehlich-3 method [37] . Three grams of soil was put into a 150 mL disposable plastic cup, creating a solution of soil and M3 (at a ratio of 1:10, respectively). Then, this solution was shaken for 5 min on an orbital shaker at 200 rpm before being filtered through Whatman No. 42 filter paper. The supernatant was used to determine the available P by using the continuous flow analyzer (SKALAR San++, Breda, Holland). The activities of the soil enzymes involved in C and N mineralization were also measured. They included two hydrolytic enzymes (i.e., β-glucosidase (βG) and cellobiohydrolase (CBH)) and two oxidases enzymes (i.e., phenol oxidase (PHO) and peroxidase (PEO)). The activities of substrate-labeled hydrolytic enzymes were marked using 4-methylumbelliferone (MUB) as a substrate, while the activities of oxidases enzymes were estimated using L-dihydroxyphenylalanine (L-DOPA). For each sample, 1 g of fresh soil was sieved through a 2-mm mesh sieve and mixed with 125 mL of a 50 mM acetate buffer (pH = 5.0). The solution was then homogenized, by stirring it for 5 min using a magnetic stir bar, before a sub-sample was extracted (200 µL) by a pipettor and placed in a 96-well plate. The mixtures were then incubated in the dark for 4 h (in the case of hydrolytic enzymes) and 18 h (in the case of oxidases enzymes) at 20 • C. Following incubation, the sample fluorescence was measured using 365 nm excitation and 450 nm emission filters (in the case of hydrolase enzymes) or absorbance filters at 450 nm (in the case of oxidases enzymes) on a Synergy H4 Microplate Reader (Bio-Tek, Gene Co. limited, Winooski, VT, USA).
DNA Extraction, PCR, and Sequencing
From each sample, 0.25 g of soil was used for soil DNA extraction, using a Power Soil DNA isolation kit (MoBio, Carlsbad, CA, USA). Targeted metagenomic profiling of the samples was carried out by sequencing the V4-V5 region, between 515-907, of the bacterial 16S rRNA (515F: 5 -GTGCCAGCMGCCGCGGTAA-3 ; 907R: 5 -CCGTCAATTCCTTTGAGTTT-3 ). The PCR reactions were carried out with a Phusion High-Fidelity PCR Master Mix (New England Biolabs Inc., Ipswich, MA, USA). The PCR products were mixed in equally dense ratios, and the mixture of PCR products was purified using a Qiagen Gel Extraction Kit (Qiagen, Hilden, Germany). Sequencing libraries were generated using a TruSeq DNA PCR-Free Sample Preparation Kit (Illumina Inc., San Diego, CA, USA), following the manufacturer's recommendations and adding index codes. Library quality was assessed through a Qubit 2.0 Fluorometer (Thermo Scientific Inc., Waltham, MA, USA) and an Agilent Bioanalyzer 2100 system (Agilent Inc., Santa Clara, MA, USA). Finally, the library was sequenced on an Illumina HiSeq 2500 platform (Illumina Inc., San Diego, CA, USA), generating 250 bp paired-end reads.
Sequencing Data Analysis
After removal of low-quality (Phred score <30) and un-paired reads, these paired-end reads were merged using FLASH (v1.2.7) [38] , which is a very fast and accurate analysis tool designed to merge paired-end reads when at least some of the reads overlap with those generated from the opposite end of the same DNA fragment. We called the splicing sequences 'raw tags'. High-quality clean tags were obtained using QIIME (v1.7.0) [39] under specific filtering conditions [40] . The remaining tags were then compared with the Gold database through the UCHIME algorithm (v4.1) [39] , to detect and remove chimera sequences [41] .
We performed sequence analyses using the Uparse software (v7.0.1001) [42] . The sequences were assigned to the same operational taxonomic units (OTUs) for similarities >97%. The taxonomic information of each representative sequence was classified through an Ribosomal Database Project (RDP) classifier (v2.2) [43] algorithm against the GreenGene database [44] . The phylogenetic relationship of different OTUs and the differences in dominant species among different samples were determined by multiple sequence alignment, using MUSCLE (v 3.8.31) [45] . Finally, the OTU abundance information was normalized using a standard sequence number corresponding to the sample with the least sequences.
Statistical Analyses
For α-diversity, QIIME (v1.7.0) [39] was used to calculate the observed-species, Chao1, Shannon, Simpson, Abundance-based Coverage Estimator (ACE), and Good's coverage indexes for all samples. A cluster analysis was preceded by a principal component analysis (PCA), in order to reduce the original number of variables to a few dimensions, using the FactoMineR (v1.32) and the ggplot2 packages in R (v2.15.3). A principal coordinate analysis (PCoA) was performed using the WGCNA package in order to obtain the principal coordinates and visualize them in the form of multidimensional data. Non-metric multi-dimensional scaling (NMDS) was done using the vegan package in R (v3.2.2) [46] . Weighted and unweighted pair-group methods using arithmetic means (WPGMA and UPGMA hierarchical clustering) were applied using QIIME (v1.7.0) [39] , in order to interpret the distance matrix with the average linkage algorithm.
Additional statistical analyses were carried out using R (v3.2.2). We detected differentially abundant microbial community levels (i.e., phylum, class, order, family, genus, and species) using the t-test and MetaStat [47, 48] . Afterwards, we used the LEfSe (linear discriminant analysis effect size, v1.0) method to identify biomarkers that were statistically different among the treatments [49] . The analysis of group similarities (Anosim) and the multiple response permutation procedure (MRPP), performed in R (v3.2.2), tested the significance of differences between two or more treatments. Differentially abundant OTUs were detected using the BioConductor package DESeq2 [50] , using a maximum likelihood estimate (MLE) approach for the log2 fold change.
Network analyses were carried out to investigate interrelationships and interactions within the bacterial community. In order to analyze the networks, all possible Pearson's rank correlation coefficients were calculated through Weighted correlation network analysis (WGCNA) network analysis in R (v3.2.2) [51] . The correlation data were filtered with a cut-off (absolute R-value >0.75); a significant p-value (<0.05) was applied to further filter the data from the above step and improve the veracity of the networks. The networks were finally visualized through the interactive platform Gephi (v0.9.2) [52] , using the Fruchterman-Reingold layout.
A variation partitioning analysis (VPA) was performed to calculate the proportion of bacterial community variation attributable to environmental factors, using the 'varpart' function of the vegan package in R (v3.2.2). The distance based linear model (DistLM) was applied to determine the effects of environmental properties on soil bacterial diversity and community, using the Primer (v7) software [53] . Finally, a series of mantel tests were carried out using the vegan package in R (v3.2.2) in order to examine the correlations between the composition of the bacterial community and the environmental variables.
Results
Bacterial Community Diversity by 16S rRNA Gene Analysis
We obtained 1,978,135 pair-end reads by 16S rRNA gene sequencing using the Illumina HiSeq 2500 platform. The effective tags equaled 697 Mb (Table S1 ). A total of 5046 clean OTUs were obtained. The average number of OTUs for each treatment was 1449; among them, 1379 OTUs were common to all samples (Table S1 ). Species accumulation curves were calculated using observed species counts to determine the total number of bacteria and species in samples ( Figure S1 ). The curve strongly rose at the beginning and then became smooth with an increasing number of samples analyzed, which indicated a high number of bacterial species in a relatively small number of samples.
In total, 99.2% of the total 16S rRNA gene sequences belonged to 34 phyla (Figure 1a , Table S2 ). Proteobacteria represented the most abundant phylum, containing 38.6% of the OTUs (20.6% of Alphaproteobacteria, 11.6% of Deltaproteobacteria, 5.0% of Gammaproteobacteria, and 1.1% of Betaproteobacteria). Alphaproteobacteria included two major orders: Rhodospirillales (9.1%), which produce energy through photosynthesis, and Rhizobiales (8.8%), which can fix N ( Figure S2 ). Acidobacteria (34.5%) were the second most abundant phylum. Actinobacteria (10.0%) were the third most abundant phylum, while the N fixing bacteria Frankiales (6.3%) represented the major order within this phylum. The green non-sulfur bacteria Chloroflexi (7.1%) were the fourth most abundant phylum and Ktedonobacteria (4.3%) represented the major class within this phylum. Other minor phyla were also identified including WD272 (2.7%), Verrucomicrobia (1.8%), Gemmatimonadetes (1.1%), and Bacteroidetes (0.9%) ( Figure 1a , Table S2 , Figure S2 ). 
Changes in the Soil Bacterial Community Structure under Warming and N Addition
The within-sample diversity (α-diversity), Shannon, Simpson, Chao1, and ACE indices were calculated for all samples. The difference in α-diversity between each pair of treatments was not statistically significant (Table 1, Table S3 ). The NMDS results showed that the CT could be separated from all other treatments, and those of the N addition treatments (LN, HN) tended to be closer to the warmed samples; moreover, the warmed samples tended to be closer to each other (Figure 1b , Figure S3a -c). The response pattern in the unwarmed treatments to N addition was similar to that in W, where LN and HN moved along the first principal coordinate towards W (Figure 1b ). Anosim and MRPP were used to quantify the differences within and between samples. Except for W-WLN and WLN-WHN, the differences between samples (for a single factor) were greater than those within each group of samples: they were significant based on the Anosim (p < 0.05). The MRPP corroborated these results, highlighting significant differences (p < 0.05) between CT-W, CT-LN, CT-HN, and HN-WHN (Table 1) . Overall, the α-diversity and β-diversity results indicated that warming caused a bigger change in the bacterial community than N addition. LEfSe [49] was used to identify significant changes among the communities. Under warming conditions, Actinobacteria and Chloroflexi significantly increased, while the percentage of Proteobacteria and Acidobacteria decreased (Figure 2a ). Chloroflexi increased in LN but not in HN (Figure 2b,c) ; on the other hand, Proteobacteria increased and Acidobacteria decreased in the HN treatment (Figure 2c ). For the combined effects of warming and N addition, Actinobacteria increased while Acidobacteria decreased in both WLN and WHN (Figure 2d,e ). For N addition after warming, WLN had less Acidobacteria than W and WHN had more Proteobacteria, especially Deltaproteobacteria than W (Figure 2f,g) . Metastat [47] was used to further check and complement the differences between microbial groups. The results of this analysis were similar to those of LEfSe at phylum and class level. Following warming, the increase in Actinobacteria involved increases in both Pseudonocardiales (2.3 times) and Frankiales (1.5 times), which are orders capable of fixing N (Table S4 ). We further calculated the changes in OTU abundance amongst treatments. Compared with the CT, 157 OTUs were significantly enriched and 234 were significantly depleted under the W treatment, 38 OTUs were significantly enriched and 50 were significantly depleted under the LN treatment, and 43 OTUs were significantly enriched and 37 were significantly depleted under the HN treatment ( Figure S4, Figure S5 ). Both LN and HN caused different changes in the OTUs, and more than half of the significant changes in HN were identified in W, which was especially true for the depleted OTUs ( Figure S4a, Figure S3 ). Under warming conditions, because of the interactive effect, WLN (85 enriched and 132 depleted) caused changes similar to those of W, while WHN (174 enriched and 237 depleted) caused some distinct changes ( Figure S4b) . These results indicate that N addition and the +5 • C warming had similar effects on the soil microbial structure, but there was a combined effect related to the volume of N addition.
Co-Occurrence Network Patterns in the Soil Bacteria Communities
We firstly compared the co-expression status of warming for three groups: CT-W (Figure 3a) , LN-WLN (Figure 3b ), and HN-WHN (Figure 3c ). The warming treatment was characterized by a greater number of OTU co-occurrences than the N addition treatment. Numerous interactions were identified in the warming treatment between different phyla, especially between Proteobacteria and three other major phyla (i.e., Acidobacteria, Actinobacteria, Chloroflexi), and between Acidobacteria and Chloroflexi (Figure 3a-c, Table S5 ). The highest co-occurrence of OTUs occurred within Proteobacteria (Table S5 ). The co-expression status following N addition was compared within two groups: for unwarmed (CT-LN-HN; Figure 3d ) and warmed samples (W-WLN-WHN; Figure 3e ). In the first case, the co-occurrence of OTUs mainly occurred within each phylum (63.7%), and at a lower degree between different phyla (Figure 3f ), especially for Acidobacteria and Chloroflexi (Figure 3d , Table S5 ). In the second case, we observed a similar trend. The link within phyla (54.1%) was high for Chloroflexi; moreover, that within Proteobacteria was higher than that within Acidobacteria (Figure 3e , Table S5 ). 
Correlation between Warming, Soil Properties, Plant Growth, and the Bacterial Community
In order to study the effects of environmental factors on the treatments, we measured some key soil physicochemical parameters: (1) temperature, (2) a group of properties (i.e., soil moisture, pH, NH 4 + -N, NO 3 − -N, total phosphorus (TP), dissolved organic carbon (DOC), and dissolved organic nitrogen (DON)), and (3) the ground plant growth state (i.e., plant height and diameter) (Table S6, Figure S6 ). VPA results showed that soil temperature, properties, and plant growth state explained 11.9%, 30.4%, and 8.1% of the observed variations, respectively, and 56.9% of the variation remained unexplained (ANOVA, p-value = 0.001, Figure 4a ). Soil temperature alone explained 6.5% of the variation, and its contribution was shared with soil properties (4.5%). Soil properties overall explained the highest amount (24%) of the variation. Soil moisture and NO 3 − -N were the most important contributors within the group of soil properties (Figure 4b) ; nevertheless, no soil property showed significant effect as revealed by the mantel test (Figure 4c ). Plant growth alone explained~6.1% of the variation and its contribution was relatively independent from that of other factors (Figure 4a ). The above integrated responses of soil-microbe-plant systems analyses showed that warming directly affected the microbial community structure through thermal energy, but also changed the complex system of soil properties that influenced the microbial community structure. 
Discussion
The soil bacterial community structure significantly changed after two years of warming in our experimental subtropical plantation plots. Our results showed that the unwarmed treatments were separated from warmed treatments; moreover, the HN treatment tended to be closer to the warmed samples (Figure 1b ). This supported our first hypothesis that warming will have a greater effect on the soil bacterial community structure. In previous studies, warming has been reported to change the composition of the microbial community [8, 10, 14, 15, 54] . DeAngelis et al. [8] studied an organic soil horizon and found that the bacterial community structure was significantly altered by 20 years of warming. This change was attributed to a reduction in the readily available C [9] ; in fact, changes in soil substrate availability are reported to affect the microbial community structure in soils [55, 56] . Melillo et al. [57] reported that soil warming in a temperate forest stimulated organic N mineralization. In our experiment, we detected the activity of four typical catabolism enzymes in the soil: βG and CBH, which can decompose cellulose ( Figure S7a,b) , and PHO and PEO, which can decompose lignin ( Figure S7c,d) . Compared to CT, the activities of nearly all enzymes significantly increased under warming and N addition, except for PHO and PEO in LN ( Figure S7c,d) . Both warming and N addition increased the activity of enzymes related to the degradation of cellulose, lignin, and humus. Hence, SOC was produced at a faster rate in the warming soil. At the same time, under warming, N was colonized and decomposed by microorganisms at a faster rate, before flowing to the plant through the root system; this resulted in an increased plant growth rate and in a higher fraction of N in the leaves [36, 58, 59] .
Our second hypothesis was about the soil bacterial lifestyle changes under different treatments. Based on the oligotrophic-copiotrophic theory, copiotrophic taxa have high nutritional requirements and high growth rates; hence they prefer labile carbon. In contrast, oligotrophic taxa can survive under conditions of lower organic carbon availability (low nutrients) since they have low growth rates [56] . In our study, we found that Acidobacteria, Proteobacteria, Chloroflexi, and Actinobacteria were the major phyla occurring in the subtropical plantation. Acidobacteria and Chloroflexi are considered oligotrophic microorganisms, while Proteobacteria are considered copiotrophic microorganisms [56] . In contrast to previous studies [8] [9] [10] 14] , we observed that the percentage of Acidobacteria decreased in N addition and warming treatments. Proteobacteria significantly decreased under warming, but they significantly increased in the high N addition treatment (Figure 2a,c) . As a result, the oligotrophic:copiotrophic (O:C) and Acidobacteria:Proteobacteria (A:P) ratios did not change under warming, but they significantly decreased in the N addition treatment. There are not many studies on Filamentous Chloroflexi (green non-sulfur bacteria). Previous studies reported their abundance in eutrophic waters and soils, suggesting that they contribute to nutrient removal [60] . Chloroflexi were significantly increased under the warming treatments (Figure 2d ). Actinobacteria do not yet have a well-defined ecological category, and previous studies showed mixed responses to nutrient additions [61] . Actinobacteria have been known for behaving like fungi and for growing slowly, like oligotrophs [62] . In our study, the percentage of Actinobacteria increased under warming, but it did not change significantly in the N addition treatment or in the combined warming and N addition treatment. These results confirm the oligotrophic nature of these organisms in the studied area.
Acidobacteria was an abundant phylum in soil with an oligotrophic lifestyle, and we assumed that it would increase under warming conditions. But we found that the relative abundance of Acidobacteria decreased under warming treatment. Oligotrophy can occur under conditions of high spatial or high heterogeneity, and long-term warming caused a change in soil structure that increased the spatial heterogeneity or other physical structures of the soil [8] . To some extent, in our experiment, two years of soil warming might have not been enough time to see changes in the spatial heterogeneity or physical structure of soil. Meanwhile, Chloroflexi were significantly increased under the warming treatments. It was the fourth most abundant phylum in our study. Under warming conditions, it might replace some of the Acidobacteria niche. As discussed above, N addition, especially high N addition, caused a significant shift towards copiotrophic taxa, which was also found in our previous study [31] . Warming may cause a shift in the bacterial community towards oligotrophic taxa, while N addition could dilute this tendency ( Figure 5 ). The analyzed network changes indicated that warming and N addition could affect bacterial group interactions in different ways. Our results, to some extent, support our third hypothesis. In all our networks, >97% of the co-occurrence links had positive correlations after warming and N addition (Table S5 ), indicating that the microbial groups tended to collaborate rather than antagonize under these conditions. In response to warming, microbial communities showed their major interactions between different phyla. Meanwhile, co-occurrence of OTUs was affected by N addition mainly within phyla, suggesting that warming is a complex process, involving the interaction and competition of different microbial communities.
Changes in the soil bacterial community structure and lifestyle may affect the decomposition of soil organic matter and, as a result, the growth of plants. Shifts in bacterial community composition can reflect changes in the availability of soil nutrients under warming. The proportion of oligotrophic and copiotrophic taxa in the bacterial community is an important predictor of soil organic carbon (SOC) mineralization [62] . Considering the shift (from copiotrophic towards oligotrophic taxa) we observed after two years of soil warming; the ecology and function of these two groups in the forest biogeochemical cycles are worth further investigation. Our results suggest that different species may respond to warming in different ways, leading to changes in the relative abundance of certain taxa; however, the ecological effects need to be further investigated.
Combining the changes in N content observed in soil, bacteria, and plants, we speculated that both warming and N addition increased the turnover of C and N (between plants and microorganisms) and plant production in the long-term. Although our study focused on bacterial communities, we cannot ignore the role of other microbial components (e.g., fungi, mycorrhiza, microfauna, etc.) and how these in turn may be influenced by the changed climate [63] [64] [65] . However, due to limited resources such as high demand for power and topographical constraints in the mountainous area, the size of the experiment plot was too small for such a multifactorial experiment. Although our replicates may not be enough to extrapolate our results to natural forests, our experiment can be valuable to understand the mechanisms of warming and N addition effects on soil microbes. In addition, a duration of two years to examine the effects of soil warming and N addition and their interactions may be too short. Short-term effects of warming and N addition could markedly differ from long-term responses. Although our results found the bacterial community was changed by the two years of warming, more long-term research is needed, and the mechanisms behind the ecological effects need to be further investigated.
Conclusions
In our study, the soil bacterial community structure changed after two years of soil warming and N addition. Actinobacteria and Chloroflexi significantly increased in response to warming, while concentrations of Proteobacteria and Acidobacteria decreased. The high N addition treatment had a greater impact on the bacterial community structure than light N addition. Although N addition had smaller impacts than warming, it translated to similar change patterns at the OTUs, phylum, and class levels. Warming induced a shift towards oligotrophic taxa, while N addition could dilute this tendency. The topological indices of the ecological networks further highlighted different co-occurrence patterns within the soil bacterial community under warming and N addition. Warming made the co-occurrence network more complicated, increasing the interaction between different microbial phyla, while N addition induced a higher level of cooperation within the phyla. Soil warming and N addition accelerated the C and N cycles in the soil, increasing the upward flow of N (from underground to aboveground) and the decomposition rate of SOC, hence promoting tree growth. We still need to do more research on mature forests and/or natural forests and carry out a long-term study to investigate the mechanisms behind these ecological effects.
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